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ABSTRACT

Context: Ganoderic acid A (GAA) is usually used to prevent cancers or other diseases, which make it
likely to be used with other drugs metabolized by cytochromes P450.
Objective: This study investigates the effect of GAA on eight major cytochrome P450 isoforms in human

liver microsomes.
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Material and method: The effects of GAA (100 uM) on eight human liver CYP isoforms (i.e, 1A2, 3A4,
2A6, 2E1, 2D6, 2C9, 2C19, and 2C8) were investigated in vitro using human liver microsomes (HLMs) with
specific substrates for the CYPs, and the enzyme kinetic parameters were calculated.

Results: The results showed that GAA inhibited the activity of CYP3A4, 2D6, and 2E1, but did not affect
other isoforms. The inhibition of CYP3A4, 2D6, and 2E1 was concentration-dependent with /Cso values of
15.05, 21.83, and 28.35 uM, respectively. Additionally, GAA was not only a non-competitive inhibitor of
CYP3A4, but also a competitive inhibitor of CYP2D6 and 2E1, with Ki values of 7.16, 10.07, and 13.45 puM.
Meanwhile, the inhibition of CYP3A4 was time-dependent, with the K/Kj,qc: value of 7.91/0.048 uM/min.
Discussion and conclusion: The in vitro study indicated that GAA has the potential to result in drug-
drug interactions with other drugs metabolized by CYP3A4, 2D6, and 2E1. Further clinical studies are

CYP3A4; CYP2D6; CYP2ET;
drug-drug interaction

needed for the identification of this interaction.

Introduction

Cytochrome P450 enzymes (CYPs) are one of the most import-
ant phase-I enzymes that participate in the metabolism of most
clinical drugs in liver and intestine. The status of CYPs might
influence the pharmacokinetics of co-administrated drugs and
result in adverse effects, which would contribute to costly and
late failures of drug development (Shi et al. 2016). The activity
of CYPs is a notable factor during drug-drug interaction between
different drugs in combination therapy. Previous studies demon-
strated glycyrrhizic acid, verapamil, and grapefruit juice have
effects on the pharmacokinetics of other drugs during the drug-
drug interaction through inhibiting the activity of CYPs (Huang
et al. 2018; Jia et al. 2018; Zhao et al. 2018). Moreover, numerous
studies report CYPs are responsible for the bioactivation and
inactivation of carcinogens and anticancer drugs (Rodriguez-
Antona and Ingelman-Sundberg 2006; Mittal et al. 2015). For
example, CYP2D6 is involved in the biotransformation of tam-
oxifen, which is widely used in the prevention and treatment of
hormone-positive breast cancer (Dehal and Kupfer 1997).
CYP2EI acts an important role in the metabolism and activation
of the carcinogens related to colorectal cancer (Jiang et al. 2013).
Many drugs have been reported to have an inhibitory effect on
the activity of CYPs, such as bergenin, isofraxidin and kaempfer-
itrin (Dong et al. 2018; Song et al. 2019; Zhang et al. 2019).

Ganoderma lucidum (Leyss. Ex Fr.) Karst (Ganodermataceae),
also called Ling Zhi in China, has been widely used in traditional
Chinese medicine for more than 2000years to promote health
and longevity, as it has been reported to have anticancer and
many other beneficial properties (Sliva 2004; Jiang et al. 2008;
Zhu et al. 2018). Ling Zhi has also been used to prevent and
treat various human diseases, and the main part of its extract
ganoderic acid A (GAA), plays a vital role during the treatment.
GAA has an inhibitory effect on the proliferation and invasion
of hepatocellular carcinoma cells, and induce its apoptosis
(Wang et al. 2017). GAA also has positive effect on the lung
injury induced by lipopolysaccharide (Wan et al. 2019).

In addition to the medicinal application of Ganoderma luci-
dum, it has become a kind of common health care product.
Therefore, GAA may interact with some drugs metabolized by
CYPs in clinic therapy. However, the effect of GAA on the activ-
ity of CYPs has not been well documented, which is closely
related to the bioavailability of drugs. This study investigates the
effect of GAA on the eight major CYP isoforms in human liver
microsomes. Through specific probe substrates: phenacetin
(CYP1A2), testosterone (CYP3A4), coumarin (CYP2A6), chlor-
zoxazone (CYP2El), dextromethorphan (CYP2D6), diclofenac
(CYP2C9), S-mephenytoin (CYP2C19) and paclitaxel (CYP2CS8),
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we clarified the effect of GAA on the activity of CYPs, and the
inhibition model was determined by the enzyme kinetic studies.

Materials and methods
Chemicals

Ganoderic acid A (>98%) and testosterone (>98%) were
obtained from the National Institute for the Control of
Pharmaceutical and Biological Products (Beijing, China). The
chemical structure of GAA is shown in Figure 1. p-Glucose-6-
phosphate, glucose-6-phosphate dehydrogenase, corticosterone
(>98%), NADP™, phenacetin (>98%), acetaminophen (>98%),
4-hydroxymephenytoin (>98%), 7-hydroxycoumarin (>98%), 4’-
hydroxydiclofenac (>98%), sulfaphenazole (>98%), quinidine
(>98%), tranylcypromine (>98%), chlorzoxazone (>98%), 6-
hydroxychlorzoxazone (>98%), paclitaxel (>98%), 6B-hydroxy-
testosterone (>98%), clomethiazole (>98%), and furafylline
(>98%) were obtained from Sigma Chemical Co. Montelukast
(>98%) was obtained from Beijing Aleznova Pharmaceutical
(Beijing, China). Coumarin (>98%), diclofenac (>98%), dextro-
methorphan (>98%), and ketoconazole (>98%) were purchased
from ICN Biomedicals. Pooled HLMs were purchased from BD
Biosciences Discovery Labware. All other reagents and solvents
were of analytical reagent grade.

Assay with human liver microsomes

As shown in Table 1, to investigate the effects of GAA on differ-
ent CYP isoforms in HLM, the following probe reactions were
used, according to previously described method (Zhang et al.
2007; Qi et al. 2013): phenacetin O-deethylation for CYP1A2,
testosterone 6f-hydroxylation for CYP3A4, coumarin 7-hydrox-
ylation for CYP2A6, chlorzoxazone 6-hydroxylation for CYP2EL,
dextromethorphan O-demethylation for CYP2D6, diclofenac 4’-
hydroxylation for CYP2C9, S-mephenytoin 4-hydroxylation for

Figure 1. The chemical structure of GAA.
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CYP2C19, and paclitaxel 6a-hydroxylation for CYP2C8. All incu-
bations were performed in triplicate, and the mean values were
utilized. The typical incubation systems contained 100 mM potas-
sium phosphate buffer (pH 7.4), NADPH generating system
(1mM NADP", 10 mM glucose-6-phosphate, 1 U/mL of glucose-
6-phosphate dehydrogenase, and 4mM MgCl,), the appropriate
concentration of HLMs, a corresponding probe substrate and
hispidulin (or positive inhibitor for different probe reactions) in
a final volume of 200 pL.

The concentration of GAA was 100puM, and the positive
inhibitor concentrations were as follows: 10 uM furafylline for
CYP1A2, 1puM ketoconazole for CYP3A4, 10 uM tranylcypro-
mine for CYP2A6, 50 uM clomethiazole for CYP2EI, 10uM
quinidine for CYP2D6, 10uM sulfaphenazole for CYP2C9,
50 uM tranylcypromine for CYP2C19, 5puM montelukast for
CYP2C8. Probe substrates, positive inhibitors (except for dextro-
methorphan and quinidine, which were dissolved in water) and
GAA were dissolved in methanol, with a final concentration of
1% (v/v), and 1% neat methanol was added to the incubations
without inhibitor. The final microsomal protein concentration
and incubation times for the different probe reactions are shown
in Table 1. There was a 3min preincubation period (at 37°C)
before the reaction was initiated by adding an NADPH-generat-
ing system. The reaction was terminated by adding a 100 pL
acetonitrile (10% trichloroacetic acid for CYP2A6) internal
standard mix, and the solution was placed on ice. The mixture
was centrifuged at 12,000 rpm for 10 min, and an aliquot (50 puL)
of supernatant was transferred for HPLC analysis. The instru-
ment used in this study was Agilent 1260 series instrument with
DAD and FLD detector, and the quantitative assay for the corre-
sponding metabolites was performed as previously reported
(Lang et al. 2017; Zhang et al. 2017).

Enzyme inhibition and kinetic studies of GAA

GAA (100 pM) was used to initially screen for its direct inhibi-
tory effects towards different human CYP isoforms. For the CYP
isoforms whose activities were strongly inhibited, secondary
studies were performed to obtain the half inhibition concentra-
tion (ICsy). K; values were obtained by incubating various con-
centrations of different probe substrates (20-100 LM testosterone,
10-50 pM dextromethorphan, 25-250 UM chlorzoxazone) in the
presence of 0-50 uM GAA.

Time-dependent inhibition study of GAA

To determine whether GAA could inhibit the activity of
CYP3A4, 2D6, and 2El1 in a time-dependent manner, GAA
(20 uM) was pre-incubated with HLMs (1 mg/mL) in the pres-
ence of an NADPH-generating system for 30 min at 37°C. After
incubation, an aliquot (20pL) was transferred to another

Table 1. Isoforms tested, marker reactions, incubation conditions, and K., used in the inhibition study.

CYPs Marker reactions Substrate concentration (M) Protein concentration (mg/mL) Incubation time (min) Estimated K, (uM)
1A2 phenacetin O-deethylation 40 0.2 30 48
3A4 testosterone 6f3-hydroxylation 50 0.5 10 53
2A6 coumarin 7-hydroxylation 1.0 0.1 10 15
2E1 chlorzoxazone 6-hydroxylation 120 0.4 30 126
2D6 dextromethorphan O-demethylation 25 0.25 20 4.8
209 diclofenac 4’-hydroxylation 10 0.3 10 13
2C19 S-mephenytoin 4-hydroxylation 100 0.2 40 105
2C8 paclitaxel 6a-hydroxylation 10 0.5 30 16
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incubation tube (final volume 200 uL) containing an NADPH-
generating system and probe substrates whose final concentra-
tions were approximate to K,,. Then, further incubations were
performed to measure the residual activity. After being incubated
for 10 and 30min, the reactions were terminated by adding a
100 pL acetonitrile internal standard mix and then placed on ice;
the corresponding metabolites were determined by HPLC.

To determine the KI and Kj,,. values for the inactivation of
CYP3A4, the incubations were conducted using higher probe
substrate concentrations (approximately 4-fold K,, values) and
various concentrations of GAA (0-50 uM) after different prein-
cubation times (0-30min), with a two-step incubation scheme,
as described above.

Statistical analysis

The enzyme kinetic parameters for the probe reaction were esti-
mated from the best fit line, using least-squares linear regression
of the inverse substrate concentration versus the inverse velocity
(Lineweaver-Burk plots), and the mean values were used to cal-
culate V,,,, and K. Inhibition data from the experiments that
were conducted using multiple compound concentrations were
represented by Dixon plots, and inhibition constant (K;) values
were calculated using non-linear regression according to the fol-
lowing equation:

V= (Vmaxs)/(Km(l + I/Kl) + S)’

where 1 is the concentration of the compound, K; is the inhib-
ition constant, S is the concentration of the substrate, and K,,, is
the substrate concentration at half the maximum velocity (V)
of the reaction. The mechanism of the inhibition was assessed
using the Lineweaver-Burk plots and the enzyme inhibition mod-
els. All data are represented as Mean + SD. The data comparison
was performed using Student’s t-test and performed using IBM
SPSS statistics 20 (SPSS Inc.).
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Figure 2. Inhibition of GAA on CYP enzymes in pooled HLMs. All data represent
mean +£S.D. of the triplicate incubations. *p < 0.05, significantly different from
the negative control. Negative control: incubation systems without GAA; GAA:
incubation systems with GAA (100 uM); Positive control: incubation systems with
their corresponding positive inhibitors.

Results
Effect of GAA on the activity of CYPs

Figure 2 shows the effect of GAA or specific inhibitors of CYPs
on the activity of CYP1A2, CYP3A4, CYP2A6, CYP2EL,
CYP2D6, CYP2C9, CYP2C19, and CYP2C8, with the employ-
ment of specific probe reaction assays. The results showed that
GAA significantly inhibited the activity of CYP3A4, 2D6, and
2E1 to 14.6, 18.2, and 27.7% of their negative control, but did
not exert effect on the activity of other CYPs. Compared with
the positive control, the inhibitory effect of GAA was much
weaker. Meanwhile, the inhibition of CYP3A4, 2D6, and 2E1
was concentration-dependent; whose ICs, values were 15.05,
21.83, and 28.35 uM, respectively.

Next, the inhibition models of CYP3A4, 2D6, and 2E1 were
investigated, and the Lineweaver-Burk plots of inhibitory kinetic
data were shown in Figures 3-5. For CYP3A4 (Figure 3(A)), the
inhibition of CYP3A4 was best fitted in a non-competitive man-
ner, and after incubating 20, 40, 60, 100 uM testosterone in the
presence of 0-50 uM GAA, the value of K; was obtained to be
7.16 uM (Figure 3(B)). The inhibition of CYP2D6 and CYP2E1
were performed competitively (Figures 4(A) and 5(A)), with the
K; values of 10.07 and 13.45pM, respectively (Figures 4(B)
and 5(B)).

Time-dependent inhibition

The inhibitory effect of GAA on the activity of CYP3A4 per-
formed time-dependent, as the inhibition become stronger with
time. However, the inhibition of CYP2D6 and 2E1 was stable
with incubation time. The time-dependent inhibition of CYP3A4
by GAA was further characterized through non-linear regression
analysis, the result was shown in Figure 6. Moreover, the inacti-
vation parameters of KI and Kj,,, values were also calculated
from the inactivation plot of Figure 6(B). The calculated Ky/Kj,,c¢
value was 7.91/0.048 min/uM. From the value of K, it can be
concluded that there are about 4.8% CYP3A4 was inactivated
every minute, when GAA was incubated with HLM.

Discussion

CYPs have been shown to be frequently involved in clinical
drug-drug interaction, and during such interactions, the activity
of CYPs is an important factor. While GAA is the main part of
the extract of Ganoderma lucidum, it is inevitable that GAA may
interact with other drugs metabolized by CYPs. Consequently,
the present study investigated the activity of CYPs in the pres-
ence or absence of GAA, providing direct evidence for the effect
of GAA on CYPs.

The results of the enzyme inhibition and kinetic studies
showed the inhibitory effect of GAA on the activity of
CYP3A4, 2D6, and 2E1. CYP3A is the most important drug
metabolizing enzymes involved in drug clearance (Evans and
Relling 1999). The CYP3A family of enzymes includes CYP3A4,
3A5, 3A7, and 3A4. Most of the CYP3A cleared drugs have
been largely ascribed to the activity of CYP3A4, therefore, the
effect on the activity of CYP3A4 will directly affect the clear-
ance of most drugs metabolized by CYP3A. GAA inhibited the
activity of CYP3A4 in a non-competitive manner, and the
inhibition was increased with the incubation time. These results
indicated that the dosage concentration and medication time of
the drugs metabolized by CYP3A4 should be paid special
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Figure 3. Lineweaver-Burk plots (A) and the secondary plot for Ki (B) of inhibition of GAA on CYP3A4 catalyzed reactions (testosterone 6f-hydroxylation) in pooled
HLM. Data are obtained from a 30 min incubation with testosterone (20-100 uM) in the absence or presence of GAA (0-30 uM). All data represent the mean of the

incubations (performed in triplicate).
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Figure 4. Lineweaver-Burk plots (A) and the secondary plot for Ki (B) of inhibition of GAA on CYP2D6 catalyzed reactions (diclofenac 4-hydroxylation) in pooled HLM.
Data are obtained from a 30 min incubation with dextromethorphan (10-50 pM) in the absence or presence of GAA (0-50 uM). All data represent the mean of the

incubations (performed in triplicate).
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Figure 5. Lineweaver-Burk plots (A) and the secondary plot for Ki (B) of inhibition of GAA on CYP2E1 catalyzed reactions (chlorzoxazone 6-hydroxylation) in pooled
HLM. Data are obtained from a 30 min incubation with chlorzoxazone (25-250 uM) in the absence or presence of GAA (0-50 uM). All data represent the mean of the

incubations (performed in triplicate).

attention, when combined with GAA. Moreover, among the
CYP3A family, CYP3A5 can also contribute to the similar func-
tion to CYP3A4 (Lamba et al. 2002). Previous study has
reported that some drugs or inhibitors which could exert

inhibitory effect on the activity of CYP3A4, could also inhibit
the activity of CYP3A5 (Jin et al. 2007; Tseng et al. 2014).
Therefore, the drugs of which the metabolism is mediated by
CYP3A5 should also be carefully used with GAA. Meanwhile,
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Figure 6. Time and concentration-inactivation of microsomal CYP3A4 activity by GAA in the presence of NADPH. The initial rate constant of inactivation of CYP3A4 by
each concentration (K,,) was determined through linear regression analysis of the natural logarithm of the percentage of remaining activity versus pre-incubation
time (A). The K; and K;pq; values were determined through non-linear analysis of the K, versus the GAA concentration (B).

the effect of GAA on the activity of CYP3A5 needs further
investigations to provide direct evidence.

Although the CYP2D6 isoform corresponds to only 2% of the
CYPs in liver, it is also responsible for the metabolism of
approximately 25% of drugs, which significantly increases the
potential for drug-drug interaction (de Albuquerque et al. 2018).
The inhibition of CYP2D6 could increase the oral bioavailability
of various drugs and the risk of cancer (Mittal et al. 2015;
Athukuri and Neerati 2016; Peterson et al. 2019). We have
shown here that GAA inhibited CYP2D6-catalyzed dextrome-
thorphan O-demethylation as a competitive inhibitor, though it
is not a specific substrate of CYP2D6. It also indicated that the
dose concentration of the CYP2D6-metabolized drugs could
affect the inhibitory effect of GAA.

Additionally, GAA exerted similar effect on the activity of
CYP2E1, which was also in a competitive manner. CYP2El
accounts for 7% of total CYP450 enzymes in liver (Wang et al.
2009). Except mediating the metabolism of various drugs,
CYP2EL is also a powerful cellular pro-oxidant due to its strong
oxidative potential (Cederbaum 2010). Previous studies have
demonstrated that the increased level and activity of CYP2EL
were accompanied with the elevated ROS generation and intensi-
fication of peroxide oxidation (Linhart et al. 2014; Maksymchuk
et al. 2017). The obtained results showed the inhibition of
CYP2E1 by GAA, which may result in the decrease of cellular
oxidation. And this result can explain the anti-oxidation property
of GAA in some way. Certainly, the inhibition of CYP2E1 also
suggested the potential drug-drug interaction, when the
CYP2El-metabolized drug co-administrated with GAA.

Actually, the in vitro inhibition cannot represent that the
drug will cause clinically relevant interactions. There are many
factors can affect the drug-drug interaction, including the contri-
bution of the hepatic clearance during the metabolism of the
drug, the fraction of the hepatic clearance which is subject to the
inhibition of metabolism, and the ratio of the inhibition constant
(Ki) over the in vivo concentration of the inhibitor (Ito et al.
1998; Ericsson et al. 2014). Therefore, further in vivo investiga-
tions are needed for the identification of the interaction between
GAA and CYPs. In addition, according to previous studies, the
maximum concentration in plasma of GAA was 2.24-10.99 ng/
mL after oral administration of 3000 mg Lingzhi, which is much
less than the ICs, values of CYP3A4, 2D6, and 2El.
(Teekachunhatean et al. 2012; Tseng et al. 2014). Therefore, the
inhibitory effect of GAA may be very weak.

In conclusion, this paper investigated the effect of GAA on
the activity of CYPs in HLM systemically. The results showed
the inhibitory effect of GAA on the activity of CYP3A4, 2D6,
and 2E1, while other isoforms were not affected. These results
provided direct evidence for the activity of CYPs in the presence
of GAA. And it is also recommended that GAA should be used
carefully with other drugs metabolized by CYP3A4, 2De,
and 2El.
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